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1.  Introduction 

The  contribution  of  transparent  conductive  oxide  (TCO)  layers  in 
enhancing  the  properties  of  photoelectric  devices  such  as  solar  cell, 
LED,  photodiode  etc.,  is  peerless  in  the  present  decade  [1-3].  Among 
TCO  layers,  indium-tin-oxide  (ITO)  layers  were  mostly  used  in  photo¬ 
electric  devices  due  to  its  excellent  electrical  properties.  However,  as 
ITO  layers  have  a  crucial  limit  for  using  expensive  and  rare  indium 
material,  ITO  layers  are  gradually  replaced  by  other  oxide  materials 
such  as  AZO  [4],  LaA103,  SrTi03[5],  CdO  [6]  and  Sn02[7].  In  the 
present  work,  metal  embedded  AZO  layers  were  studied.  The  main 
drawback  of  AZO  layers  is  to  require  a  high  processing  temperature  to 
achieve  good  electrical  conductivity,  which  substantially  limits  TCO 
applications  for  flexible  electronics  [3]. 

High  efficient  photoelectric  devices  using  AZO  layers  were 
reported  by  many  researchers  [8-11].  In  order  to  increase  the 
conductivity,  thin  metal  layers  such  as  Ni,  Au,  Ag,  A1  were  embedded 
with  AZO  layers.  Thin  metal  layers  embedded  in  between  two 
dielectric  AZO  layers  can  suppress  the  reflection  from  metal  layer 
and  thus  achieving  selective  transparency  in  visible  region  [12].  The 
tri-layer  devices  of  AZO/Au/AZO  [13],  AZO/Ag/AZO  [14],  AZO/A1/AZO 
[4]  and  AZO/Mo/ AZO  [15]  combinations  have  been  reported  and  all 
exhibited  enhanced  photoelectric  performance.  When  compared  to 
other  metal  layers,  reflectivity  of  Ni  is  lower  than  that  of  Au  and  Ag, 
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so  that,  increasing  quantum  efficiency  which  relates  with  absorp¬ 
tion  of  photons  [16]. 

As  it  is  important  to  analyze  the  optical  and  electrical  properties 
of  AZO/Ni/AZO  tri-layer  combinations  and  so  far,  no  studies  were 
reported  on  AZO/Ni/AZO  samples  to  the  best  of  our  knowledge,  we 
prepared  AZO/Ni/AZO  tri-layer  and  AZO/AZO  bilayer  samples  to 
study  the  influence  of  Ni  in  AZO  layers  and  compare  their  properties 
with  respect  to  layer  thicknesses. 

In  this  study,  a  thin  layer  of  Ni  was  deposited  in  between  two  AZO 
layers  to  make  AZO/Ni/AZO  tri-layer  combination.  Each  layer  was 
deposited  at  room  temperature.  The  structural,  optical  and  electrical 
properties  of  AZO/Ni/AZO  sample  were  compared  with  those  of  AZO/ 
AZO  bilayer  film  which  is  free  of  Ni  layer.  Then,  the  thickness  of  AZO 
layers  was  varied  in  the  AZO/Ni/AZO  tri-layer  sample  and  character¬ 
ized  to  find  out  the  optimum  thicknesses  of  AZO  layers  for  AZO/Ni / 
AZO  combinations.  This  study  provides  a  design  scheme  for  high- 
quality  TCO  film  growth  at  a  low  thermal  budget. 


2.  Experiment  procedures 

AZO/AZO  bilayer  film  and  AZO/Ni/AZO  tri-layer  film  were  pre¬ 
pared  on  Si  and  glass  substrates  by  varying  the  layer  thickness.  Each 
layer  was  deposited  by  a  sputtering  system  at  room  temperature.  The 
AZO  layer  was  deposited  using  RF  magnetron  sputtering  method.  We 
prepared  a  bilayer  AZO  film,  which  was  deposited  two-step  AZO 
deposition  of  50  nm  each.  Thereafter,  this  sample  is  referred  as 
sample  SI  (AZO/AZO =50  nm/50  nm).  In  order  to  fabricate  tri-layer 
samples,  5  nm  thin  Ni  film  was  deposited  by  DC  sputtering,  followed 
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Fig.  1.  Schematic  diagram  of  samples  (a)  SI,  (b)  S2  and  (c)  S3.  Cross-sectional  and  surface  morphology  FESEM  images  of  (d,  h)  AZO/AZO  (50/50  nm);  (e,  i)  AZO/Ni/AZO  (50/5/ 
50  nm)  and  (f,  j)  AZO/Ni/AZO  (150/5/150  nm)  samples. 


by  a  bottom  AZO  deposition.  After  then,  a  top  AZO  film  was  deposited 
on  the  Ni  layer,  to  give  AZO/Ni/AZO  structure.  We  modulated  the  top 
and  bottom  AZO  film  thickness  by  50  nm  or  150  nm.  Thereafter,  we 
refer  tri-layer  sample  S2  for  AZO/Ni/AZO =50  nm/5  nm/50  nm.  Simi¬ 
larly,  sample  S3  for  AZO/Ni/AZO = 150  nm/5  nm/150  nm.  We  prepared 
another  sample  of  AZO/Ni/AZO  with  250  nm/5  nm/250  nm  thick¬ 
nesses  to  find  out  the  critical  thickness  for  AZO  layers.  But,  as  this 
sample  showed  high  resistivity  of  1.63  x  10“ 2  Q  cm  and  low  trans¬ 
mittance  of  65.08%,  these  results  were  not  included  in  the  discussion. 

Rapid  thermal  annealing  was  performed  all  samples  for  10  min. 
The  schematic  diagram  of  samples  SI,  S2  and  S3  are  given  in  Fig.  1(a), 
(b)  and  (c),  respectively.  A  field  emission  scanning  electron  microscope 
(FESEM,  FEI  Sirion)  was  used  to  observe  the  cross-sectional  and  top 
view  images  of  prepared  samples.  The  samples  deposited  on  glass 
substrates  were  used  to  measure  the  optical  properties  of  the  samples 
with  a  UV  spectrophotometer  (Scinco,  Neosys-2000). 


3.  Results  and  discussions 

We  prepared  three  different  AZO  samples,  which  are  schema¬ 
tically  presented  in  Fig.  l(a-c).  Fig.  l(d-j)  shows  the  cross- 
sectional  and  top  view  images  of  samples  SI,  S2  and  S3.  In  the 
cross-sectional  view  of  sample  SI  (Fig.  Id),  the  continuous  growth 
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Fig.  2.  Optical  transmittance  spectra  of  samples  SI,  S2  and  S3. 


of  100  nm  thick  AZO  layer  was  observed  whereas,  a  thin  Ni  layer 
embedded  between  two  AZO  layers  was  seen  in  Fig.  l(e  and  f). 

Since  there  was  clear  boundary  between  Ni  and  AZO  layers,  both 
top  and  bottom  layers  of  AZO  showed  a  similar  dense  and  columnar 
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Fig.  3.  (a)  The  figure  of  merit  (FOM)  for  samples  SI,  S2  and  S3  as  a  function  of  film  thickness,  (b)  electrical  resistivity  and  (c)  Hall  mobility  of  samples  SI,  S2  and  S3  as  a 
function  of  film  thickness. 


growth.  In  the  top  view  of  the  prepared  samples  (Fig.  lh-j),  uniform 
distribution  of  grains  on  the  surface  was  observed.  The  grain  size  in 
sample  S3  (Fig.  lj)  was  comparatively  larger  which  indicates  that  the 
grain  size  increases  with  increasing  thickness  of  AZO  layers.  The 
inhomogeneous  grain  structures  in  surface  images  arose  due  to  the 
amorphous  nature  of  AZO  layers  [15]. 

The  thickness  of  metal  layer  plays  an  important  role  in 
determining  optical  transmittance  and  electrical  conductivity  of 
the  device.  Kim  et  al.  [17]  reported  in  their  studies  that  the  TCO 
sample  exhibits  low  transmittance  value  of  27%  when  the  thick¬ 
ness  of  intersecting  Ni  layer  is  increased  to  20  nm.  Ghosh  et  al.  [18] 
has  presented  that  Ni  film  of  5  nm  thickness  has  the  proficiency  to 
reduce  the  resistivity  of  TCO  layers  without  degrading  much  of  its 
transmittance.  Thus,  5  nm  is  the  optimum  thickness  for  Ni  layer 
when  it  is  deposited  in  between  TCO  layers  [18]. 

Fig.  2  shows  the  optical  transmittance  of  the  samples  SI,  S2  and 
S3  as  a  function  of  wavelength.  The  highest  transmittance  of 
98.52%  was  exhibited  by  single  AZO  layer  of  100  nm  thickness. 
Due  to  the  higher  conductivity  and  opaque  nature  of  Ni  layer,  the 
average  transmittance  of  the  sample  S2  has  been  reduced  to 
77.14%.  Yu  et  al.  [14]  reported  that  when  the  thickness  of  AZO 
layers  increases  more  than  100  nm,  the  average  transmittance  of 
the  samples  decreases.  Hence,  the  transmittance  value  is  further 
reduced  to  70.38%  in  sample  S3.  At  a  wavelength  of  ~450nm, 
maximum  transmittance  of  84.70%  and  84.33%  was  exhibited  by 
the  samples  S2  and  S3,  respectively.  From  the  literatures,  the 
maximum  transmittance  values  of  AZO/Au/AZO,  AZO/Ag/AZO 
and  AZO/Mo/AZO  samples  were  found  to  be  83%  [19],  62%  [20] 
and  80%  [15],  respectively.  In  the  present  case,  the  sample  S2 
showed  comparatively  higher  transmittance  value.  This  is  due  to 
the  presence  of  ultrathin  Ni  layer.  Because  of  low  reflectivity  of  Ni, 
more  number  of  incident  photons  was  transferred  into  AZO  layers. 

Resistivity  (p)  is  directly  proportional  to  sheet  resistance  ( Rs ) 
and  total  thickness  (t)  of  the  sample,  i.e.,  p  =  Rs  x  t  [21  ].  The  sheet 
resistances  of  the  prepared  samples  SI,  S2  and  S3  were  calculated 
as  10940,  493.54  and  265.31  Q/n,  respectively.  The  AZO  bilayer 
sample  (SI)  showed  higher  sheet  resistance  than  that  of  samples 
S2  and  S3.  Haacke  [22]  proposed  a  method  called  figure  of  merit, 
FOM  {(j)Tc)  which  evaluates  the  overall  performance  of  transparent 
conductors  and  it  can  be  determined  as 


where  T  is  the  transmittance  at  a  wavelength  of  480  nm  and  Rs  is 
sheet  resistance.  The  calculated  FOM  for  samples  SI,  S2  and  S3 
were  0.375  x  10-4,  3.14  x  10-4  and  1.85  x  10-4  Q-1,  respectively. 
The  FOM  of  prepared  samples  as  a  function  of  layer  thickness  was 
given  in  Fig.  3(a).  Since  the  noble  metals  offered  less  sheet 
resistance,  the  FOM  value  for  AZO  layers  embedding  with  Au 


Table  1 

Optical  and  electrical  properties  of  prepared  samples. 


SI  (AZO/AZO) 

S2  (AZO/Ni/AZO) 

S3  (AZO/Ni/AZO) 

Top  AZO  (nm) 

50 

50 

150 

Ni  layer  (nm) 

0 

5 

5 

Bottom  AZO  (nm) 

50 

50 

150 

Max.  transmittance  (%) 

98.52 

84.70 

84.33 

Mobility  (cm2  V-1  S_1) 

1.96 

34.5 

4.41 

Resistivity  (  x  10  “3  Q  cm) 

110 

4.86 

7.54 

Sheet  resistance  (Q/°) 

10940 

493.54 

265.31 

FOM  (  x  10-4  Q-1) 

0.375 

3.14 

1.85 

and  Ag  is  a  bit  higher  [19,20].  The  maximum  FOM  value  is  found  in 
sample  S2.  This  indicates  that  AZO/Ni/AZO  tri-layer  with  optimum 
layer  thickness  could  offer  enhanced  optical  and  electrical  proper¬ 
ties  in  photoelectric  devices. 

The  resistivity  and  mobility  of  prepared  samples  were  shown  in 
Fig.  3(b  and  c),  respectively.  Since  Ni  layer  injects  charge  carriers 
into  AZO  layers,  the  resistivity  of  the  Ni  embedding  samples  is 
lower  than  that  of  ordinary  AZO  film.  When  the  thickness  of  AZO 
layers  increased  from  50  to  150  nm,  the  mobility  of  sample  S3  is 
dropped  down  from  34.5  to  4.41  cm2 /Vs.  The  mobility  of  sample 
S2  (34.5  cm2/Vs)  is  higher  than  the  reported  values  of  29.66  and 
12.75  cm2 /Vs  for  AZO/Au/AZO  [13]  and  AZO/Mo/AZO  [15]  samples, 
respectively.  It  is  observed  from  Fig.  3  that  the  sample  S2  showed 
better  performance  in  both  resistivity  and  conductivity.  The 
electrical  properties  of  prepared  samples  are  given  in  Table  1. 

Even  though,  the  sample  SI  offers  high  transmittance,  its  mobility 
is  found  to  be  too  lower  than  the  sample  S2.  In  the  same  way,  though 
the  sample  S3  showed  low  resistivity,  there  is  no  appreciative 
progress  in  mobility.  The  best  fit  of  tri-layer  combination  (AZO/Ni / 
AZO)  and  layer  thicknesses  (50/5/50  nm)  in  sample  S2  have  made  it 
to  attain  the  transparency  of  84.70%  and  the  lower  electrical 
resistivity  of  4.86  x  10“ 3  Q  cm. 


4.  Conclusion 

The  structural,  optical  and  electrical  characteristics  of  bilayer  AZO 
of  100  nm  thickness,  AZO/Ni/AZO  tri-layer  with  thickness  of  50/5/ 
50  nm  and  AZO/Ni/AZO  tri-layer  with  thickness  of  150/5/150  nm 
samples  were  systematically  analyzed.  In  this  study,  the  influence  of 
Ni  layer  and  optimum  thickness  for  top  and  bottom  AZO  layers  in 
AZO/Ni/AZO  tri-layer  combination  were  reported.  The  embedded 
Ni  layer  is  reduced  the  resistivity  and  enhanced  the  mobility  of  AZO/ 
Ni/AZO  sample.  The  50  nm-thick  AZO  layers  provided  compromised 
transmittance  without  affecting  mobility  of  charge  carriers  to  AZO/ 
Ni/AZO  tri-layer  combination.  The  FOM  of  sample  S2  is  found  to  be 
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higher  (3.14  x  10-4£2-1)  than  other  two  characterized  samples  SI 
and  S3.  Therefore,  it  is  concluded  that  the  tri-layer  sample  AZO/Ni / 
AZO  with  the  layer  thickness  of  50/5/50  nm  promises  for  lower 
resistance,  higher  conductivity  and  improved  transmittance  for 
photoelectric  applications. 
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